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LaAlO3 is a promising candidate of gate dielectric for future very large scale integration devices. In
this work, metal-oxide-semiconductor capacitors and transistors with LaAlO3 gate dielectric were
fabricated and the electron mobility degradation mechanisms were studied. The LaAlO3 films were
deposited by radio frequency magnetron sputtering. The LaAlO3 films were examined by x-ray
diffraction, secondary ion mass spectroscopy, and x-ray photoelectron spectroscopy. The
temperature dependence of metal-oxide-semiconductor field-effect transistors characteristics was
studied from 11 K to 400 K. The rate of threshold voltage change with temperature VT /T is
1.51 mV/K. The electron mobility limited by surface roughness is proportional to Eeff−0.66 in the
electric field of 0.93 MV /cmEeff2.64 MV /cm at 300 K and the phonon scattering is
proportional to T−5.6 between 300 and 400 K. Soft optical phonon scattering was used to explain the
extra source of phonon scattering in LaAlO3-gated n-channel metal-oxide-semiconductor
field-effect transistors. © 2009 American Institute of Physics. DOI: 10.1063/1.3129687
I. INTRODUCTION
Lanthanum aluminate LaAlO3 is a potential candidate
for high-k dielectric applications. LaAlO3 has high dielectric
constant of 30 compared with 25 of HfO2, large energy band
gap of 5.6 eV, large conduction band offset of 1.8 eV com-
pared with 1.4 eV of HfO2, low oxygen diffusion coefficient,
low lattice mismatch with silicon less than 1.3% versus 5%
of HfO2,1,2 and high thermal stability up to 1000 °C.3 In the
literature, several scattering sources have been reported in
devices using high-k dielectrics.4–6 Zhu et al.7 reported the
degradation mechanisms of electron mobility in HfO2-gated
n-channel metal-oxide-semiconductor field-effect transistors
MOSFETs at temperatures from 120 to 320 K. Casse et al.8
showed that the channel mobility degradation in HfO2-gated
n-MOSFETs was from remote Coulomb scattering due to
fixed charges or dipoles at the HfO2 /SiO2 interface. Weber et
al.9 observed that high-k remote phonon scattering was re-
sponsible for 13%–16% of mobility degradation at 1
MV/cm compared to the universal mobility curve with
TiN /HfO2 /SiO2 gate stacks. Ho et al.10 reported that the
electron mobility in Sm2O3-gated n-MOSFETs is limited by
phonon scattering. However, to our knowledge there is no
study on the mobility degradation effect of n-MOSFETs fab-
ricated with LaAlO3 gate dielectric. In this work, the tem-
perature dependence of the electron mobility was studied to
identify the electron mobility degradation mechanisms of
LaAlO3-gated n-MOSFETs.
II. EXPERIMENT
P-type, 100 orientation, 4 in. diameter silicon wafers
with 1–5  cm resistivity were used as the starting sub-
strates. After standard Radio Corporation of America RCA
cleaning, a 500 nm sacrificial SiO2 used for diffusion mask
layer was grown on the silicon wafers by wet oxidation. The
oxide on the backside was then removed. The source and
drain areas were doped by phosphorous diffusion. The
LaAlO3 film was deposited by rf magnetron sputtering at
room temperature. The wafers were dipped in buffered oxide
etch BOE immediately before deposition. The thickness of
the LaAlO3 film was measured by N&K analyzer model
1200. There were two kinds of LaAlO3 film thicknesses, 8.7
and 26.4 nm in our work. The electrical measurements were
performed using the thinner samples 8.7 nm, and the ma-
terial property measurements, such as for x-ray diffraction
XRD, x-ray photoelectron spectroscopy XPS, and sec-
ondary ion mass spectroscopy SIMS, were performed using
thicker samples 26.4 nm. After LaAlO3 deposition, the con-
tact regions were patterned using photoresist and the LaAlO3
layer was etched by BOE. The etching rate of LaAlO3 by
BOE was 10 nm per minute. The LaAlO3 film was then
annealed in N2 ambience at the temperatures from 700 to
1000 °C. Finally, aluminum was evaporated and a lift-off
process was used to define the aluminum electrodes. A post-
metallization annealing was performed at 400 °C in N2 am-
bience for 30 min. The current-voltage I-V characteristics
were measured using Keithley 236 electrometer and the
capacitance-voltage C-V characteristics by MI494 HF
C-V / I-V meter. The ORIGIN computer program was used in
Figs. 6 and 7 and the inset of Fig. 8 to give the linear curves
and the numbers of slopes. The ORIGIN program was alsoaElectronic mail: ymlee@ee.nthu.edu.tw.
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used to fit the curve in Fig. 8. The curve fitting gave the
powers for the curves.
III. RESULTS AND DISCUSSION
A. Material properties
Figure 1 shows the XRD results of LaAlO3 thin films
with different annealing temperatures. The LaAlO3 films re-
main amorphous with postdeposition annealing up to
1000 °C in nitrogen. Figure 2 shows the measurement result
of XPS spectrum on an amorphous LaAlO3 film. The XPS
analysis was performed using monochromatic Mg K x-ray
radiation with a pass energy of 23.5 eV and a takeoff angle
of 36°. In Fig. 2, the La 3d, O 1s, and Al 2p peaks were
identified. At annealing temperatures higher than 800 °C, the
spectrum of binding energy in the Si 2s peak revealed that
the silicon atoms possibly diffused into the LaAlO3 film.
Figures 3a–3d show the SIMS measurements of LaAlO3
thin films on Si substrate after annealing at temperatures
from 700 to 1000 °C. When the annealing temperature is
higher than 800 °C, the diffusion of the silicon atoms into
the LaAlO3 film was observed.
B. Electrical properties
Figure 4 shows the IDS-VDS characteristics of
n-MOSFETs with LaAlO3 gate dielectric. The inset shows
the capacitance-voltage C-V curves of LaAlO3 MOS ca-
pacitors. The dielectric constant is 17.5. The gate capacitance
is actually the series combination of three terms, the oxide
capacitance Cox, the depletion capacitance of the gate elec-
trode Cgate, and the capacitance to the carriers in the Si
channel CSi. These three capacitances add as 1 /C=1/C ox
FIG. 2. XPS analysis of LaAlO3 film at annealed temperatures form 700 to
1000 °C. The thickness of LaAlO3 film is 26.4 nm.
FIG. 1. XRD results of LaAlO3 thin films annealed at different temperatures
from 700 to 1000 °C. The thickness of LaAlO3 film is 26.4 nm.
FIG. 3. SIMS measurement of LaAlO3 thin film on Si substrate. The annealing conditions are a 700 °C, 30 s, b 800 °C, 30 s, c 900 °C, 30s, and d
1000 °C, 5s. The thickness of LaAlO3 film is 26.4 nm.
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+1 /Cgate+1 /CSi. As C varies as 1 / t, capacitance in series
can be represented by a sum of effective distances. The ef-
fective capacitance thickness ECT was defined ECT
=EOT+ tgate+ tSi. The equivalent oxide thickness EOT of
1.93 nm is calculated without considering tgate and tSi. The
tgate+ tSi is about 2 Å due to quantum delocalization and elec-
tron gas.1 Therefore, the real EOT is calculated as 1.73 nm
1.93 nm–0.2 nm=1.73 nm. The flatband voltage shift
when the gate bias sweeps from accumulation to inversion
and back is 8.6 mV. The small value of the voltage shift
implies that the amount of electron trapping is very small in
the LaAlO3 film. The leakage current density of LaAlO3
films is 7.610−5 A /cm2 at 1 V dc bias.
For mobility measurement of MOSFETs with LaAlO3
gate dielectric, the effective mobility eff can be written
as
11
eff =
L
W
·
IDVGS
VDSQINVVGS
. 1
The inversion charge density QINV can be extracted by
measuring the gate-channel capacitance CGC as a function of
gate voltage VGS using the split-capacitance-voltage C-V
technique12
QINV = 
−
VG
CGCVGSdVGS. 2
By integrating CGC, QINV can be obtained. Figure 5
shows CGC and QINV as functions of VGS. The effective nor-
mal field Eeff can be expressed in terms of the depletion
charge density Qd and the inversion charge density QINV
Refs. 11, 13, and 14
Eeff =
1
	Si
Qd + 12 QINV	 , 3
where the sum Qd+1 /2QINV is the total charges in silicon
inside a Gaussian surface through the middle of the inversion
layer. Figure 6 shows the electron mobility eff as a func-
tion of Eeff in the temperature range from 11 to 400 K. The
universal mobility curve is also plotted as a reference.13,14
As for the mobility degradation mechanisms, Coulomb
scattering, surface roughness scattering, and phonon scatter-
ing were studied.7,14,15 The threshold voltage VT can be writ-
ten as16
VT = 
ms − Qf + Qot + Qm + QitCox 	 + 2B +

4	sqNAB
Cox
.
4
where 
ms is the work function difference between alumi-
num and silicon substrate, Qf is fixed oxide charge, Qm is
mobile ionic charge, Qot is oxide trapped charge, Qit is inter-
face trapped charge, and qB is the energy difference be-
tween the Fermi-level EF and the intrinsic Fermi-level Ei in
silicon. Because 
ms, Qm, Qf, and Qit are essentially
temperature-independent, differentiating Eq. 4 with respect
to temperature yields
dVT
dT
= −
1
Cox
dQot
dT
+
dB
d 2 + 1Cox
	SqNA 	 . 5
Figure 7 shows the threshold voltage VT versus tem-
perature T in the temperature range from 11 to 400 K. The
rate of change of threshold voltage with temperature
VT /T is 1.51 mV/K. The comparative rate for
SiO2-gated MOSFETs is about 1 mV/K at a substrate dop-
FIG. 4. IDS-VDS characteristics of n-MOSFETs with LaAlO3 gate dielectric
at various gate voltages VGS. The thickness of LaAlO3 film is 8.7 nm. The
inset shows the high-frequency 1 MHz C-V curves of Al /LaAlO3 /Si MOS
capacitors annealed at 700 °C in nitrogen for 30 s. The dielectric constant is
17.5. The EOT is 1.73 nm.
FIG. 5. The gate-channel capacitance CGC and the inversion charge density
QINV of n-channel MOSFETs with LaAlO3 gate dielectric are plotted as
functions of gate voltage VGS. The gate-channel capacitance CGC is mea-
sured by the split-capacitance-voltage C-V technique. QINV is calculated
by integration using Eq. 2.
FIG. 6. The effective electron mobility of LaAlO3-gated n-MOSFETs is
plotted as a function of effective electrical field Eeff in the temperature range
from 11 to 400 K.
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ing of 1016 cm−3 Ref. 13. The change in threshold voltage
with temperature VT /T is related to the rate change of
Qot. The variation of the positive oxide trapped charges with
temperature can contribute to the threshold voltage shift. As
the threshold voltage decreases with increasing temperature,
the inversion charge density Qinv increases with increasing
temperature at the same VGS. The more the electrons reside
in the inversion layer, the more the scattering due to Cou-
lomb scattering.17 Due to the small flatband voltage shift 8.6
mV of the C-V curves in the inset of Fig. 4, the amount of
the fixed charges is very small in the LaAlO3 film. Since the
VT /T values of transistors with LaAlO3 and SiO2 gate
dielectrics are of the same order of magnitude, the Coulomb
scattering is roughly the same for these two kinds of
n-MOSFETs.
As for surface roughness scattering, an approximate re-
lation between electron mobility and effective normal field
is14
eff Eeff

, 6
where  is the power exponent. The electron mobility of the
LaAlO3-gated n-MOSFETs is proportional to Eeff
−0.66 in the
field of 0.93 MV /cmEeff2.64 MV /cm at 300 K, as
shown in Fig. 6. The electron mobility of MOSFETs with
SiO2 gate dielectric is proportional to Eeff
−0.3 at electric field
lower than 0.5 MV/cm at 300 K.14 The dependence of eff on
Eeff of SiO2-gated n-MOSFETs is weaker than that of
LaAlO3-gated n-MOSFETs. The difference in this Eeff de-
pendence can be attributed to more surface roughness scat-
tering at the LaAlO3 /Si interface.
As for phonon scattering, the maximum electron mobil-
ity of LaAlO3-gated n-MOSFETs is 210 cm2 /V s at 300 K.
An approximate expression for the dependence of electron
mobility on temperature T is14
eff T, 7
where  is the power exponent. The maximum mobility val-
ues from Fig. 6 are plotted in Fig. 8 as a function of tem-
perature. Figure 8 shows the maximum electron mobility
eff versus temperature T in the temperature range from
11 to 400 K. The electron mobility is proportional to T−5.6 at
high temperatures above 300 K and T−0.32 at low tempera-
tures below 300 K, as shown in the inset of Fig. 8. The 
value is 5.6 compared with 1.75 of n+-poly /SiO2 /p-Si
n-MOSFETs.14 Since phonon scattering in the silicon sub-
strate should be the same for both types of devices, this
shows that LaAlO3-gated MOSFETs have an extra source of
phonon scattering from the LaAlO3 film. This is consistent
with the soft optical phonon model.5
IV. CONCLUSION
In summary, n-MOSFETs with LaAlO3 gate dielectric
were fabricated. The material properties of LaAlO3 were also
studied. The LaAlO3 films can remain amorphous at an an-
nealing temperature up to 1000 °C in nitrogen ambience. A
low leakage current level of 7.610−5 A /cm2 at 1 V dc
bias was obtained. The degradation mechanisms of electron
mobility in LaAlO3-gated n-MOSFETs were studied in the
temperature range from 11 to 400 K. The temperature depen-
dence of electron mobility on the vertical field reveals the
difference between LaAlO3- and SiO2-gated transistors. The
Coulomb scattering is roughly the same for the two types of
transistors. The surface roughness scattering and the phonon
scattering of LaAlO3-gated n-MOSFETs are more severe
than those of SiO2-gated n-MOSFETs. The transverse soft
optical phonons are used to explain the extra source of pho-
non scattering in LaAlO3-gated n-MOSFETs.
ACKNOWLEDGMENTS
The authors would like to thank the National Science
Council, Taiwan, Republic of China for supporting this work
under Contract No. NSC-96-2221-E-007-160-MY2.
1J. Robertson, Rep. Prog. Phys. 69, 327 2006.
2P. F. Lee, J. Y. Dai, H. L. W. Chan, and C. L. Choy, Ceram. Int. 30, 1267
2004.
3X. B. Lu, H. B. Lu, Z. H. Chen, X. Zhang, R. Huang, H. W. Zhou, X. P.
Wang, B. Y. Nguyen, C. Z. Wang, W. F. Xiang, M. He, and B. L. Cheng,
Appl. Phys. Lett. 85, 3543 2004.
4S. Saito, D. Hisamoto, S. Kimura, and M. Hiratani, Tech. Dig. - Int.
Electron Devices Meet. 2003, 797.
5M. V. Fischetti, D. A. Neumayer, and E. A. Cartier, J. Appl. Phys. 90,
4587 2001.
6S. Saito, K. Torii, Y. Shimamoto, O. Tonomura, D. Hisamoto, T. Onai, M.
Hiratani, and S. Kimura, J. Appl. Phys. 98, 113706 2005.
FIG. 7. The threshold voltages VT of LaAlO3-gated n-MOSFETs are plot-
ted as a function of temperature t. The linear fitting gives a slope
VT /T of about 1.51 mV/K.
FIG. 8. The maximum electron mobility values eff are plotted as a func-
tion of temperature T in the temperature range from 11 to 400 K. The inset
shows the logeff vs logEeff plot with the same data.
104512-4 Chang et al. J. Appl. Phys. 105, 104512 2009
Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
7W. J. Zhu and T. P. Ma, IEEE Electron Device Lett. 25, 89 2004.
8M. Casse, L. Thevenod, B. Guillaumot, L. Tosti, F. Martin, J. Mitard, O.
Weber, F. Andrieu, T. Ernst, G. Reimbold, T. Billon, M. Mouis, and F.
Boulanger, IEEE Trans. Electron Devices 53, 759 2006.
9O. Weber, M. Casse, L. Thecenod, F. Ducroquet, T. Ernst, and S. Dele-
onibus, Solid-State Electron. 50, 626 2006.
10H. S. Ho, I. Y. K. Chang, and J. Y. M. Lee, Appl. Phys. Lett. 91, 173510
2007.
11S. G. Sun and J. D. Plummer, IEEE Trans. Electron Devices 27, 1497
1980.
12C. G. Sodini, T. W. Ekstedt, and J. L. Moll, Solid-State Electron. 25, 833
1982.
13Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices Cam-
bridge University, Cambridge, England, 1998.
14S. Takagi, A. Toriumi, M. Iwase, and H. Tango, IEEE Trans. Electron
Devices 41, 2357 1994.
15W. J. Zhu, J. P. Han, and T. P. Ma, IEEE Trans. Electron Devices 51, 98
2004.
16S. M. Sze, Physics of Semiconductor Devices, 2nd ed. Wiley, New York,
1981, p. 451.
17M. T. Wang, B. Y. Y. Cheng, and J. Y. M. Lee, Appl. Phys. Lett. 88,
242905 2006.
104512-5 Chang et al. J. Appl. Phys. 105, 104512 2009
Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
